Use of a cryostage has enabled direct observation of human spermatozoa as they are cryopreserved and thawed. Crystallization and recrystallization events are readily observed. In combination with computer-aided semen analysis (CASA) equipment it was possible to determine the consequence of altering the cooling, freezing and thawing rates of a temperature-rate profile on sperm motility. Increasing the cooling rate to 50°C/min resulted in significantly lower pre-freeze to post-thaw ratios for average path velocity (VAP, 13%), mean straight line velocity (VSL, 35%), mean linearity (LIN, 28%) and straightness (STR, 24%), while the ratio of the number of cells crossing the field of view (NCF) significantly increased (30%) compared to a standard freeze-thaw temperature rate profile. The NCF pre-freeze to post-thaw ratio was associated with the percentage of cell recovery after cryopreservation. Faster thaw rates resulted in better survival of the cells, perhaps due to the shorter time during which recrystallization occurred. The NCF ratios were significantly higher (33 and 30% for thaw rates of 50 and 100°C/min respectively) than for the standard profile samples. Previous studies on cell survival have shown a link between the cooling and thaw rates. The cryostage should prove invaluable in future studies to identify the causes of cryodamage to spermatozoa. When used in combination with CASA, changes to sperm function during cryopreservation can be accurately measured. Key words: CASA/cryodamage/cryomicroscope/cryopreservation/spermatozoa mainly from an empirical approach of slowly modifying an existing method (Weidel and Prins, 1987). For human semen, egg yolk and glycerol have invariably been used in the cryoprotectant diluent, and samples are usually frozen in straws by a controlled-rate or vapour freezing technique. Cryopreserved semen is generally stored in liquid nitrogen (Mortimer, 1994) . However, despite many years of research, the fertility rates obtained by donor insemination using frozenthawed human semen remain consistently lower than those obtained using fresh semen (Bordson et al., 1986; Marshburn et al., 1992); the median pregnancy rate in the UK for donor insemination is currently 8%.
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Assessment of semen quality between pre-freeze and post thaw is primarily based on the proportion of progressively motile cells remaining on thawing, assuming that an adequate number of normal cells were present before freezing (Keel and Webster, 1989 ) A large variation exists in the ability of a semen sample to withstand cryopreservation and yield consistently good post-thaw semen characteristics. The uiterand intra-donor differences in semen cryosurvival are a major problem for andrology clinics (Graczykowski and Siegel, 1991) .
In order that a more rational approach can be adopted to overcome donor and ejaculate variation, a systematic analysis of all the features of semen cryopreservation is desirable. One method is to use a cryomicroscope that enables a sample to be cooled, frozen and thawed on the microscope stage, thereby allowing spermatozoa to be observed continually throughout the protocol. Here, we report on the initial validation of a cryomicroscope stage which allows enclosed controlled-rate freezing and thawing of a semen sample. Video records of freezing experiments performed on samples on the stage were analysed with computer-aided semen analysis (CASA), thereby allowing objective measurement of sperm motility before, during and after a freeze/diaw profile. Preliminary data of motility characteristics in relation to variations in freezing profiles are presented. Motility was assessed as, to date, this is one of the best indicators of fertility and it can be quantified reliably (Holt et al., 1989) 
Introduction
Many methods have been devised for cryopreserving semen (see Watson, 1990 ). These protocols have been developed to overcome damage during cooling, when spermatozoa may be susceptible to cold shock, and during freezing and thawing, when intra-or extracellular ice affects cell function due to physical damage or a solute effect (Mazur, 1984; Hammerstedt et al., 1990) . Improvements in cryopreservation have resulted 
>30X10
6 /ml, total concentration >60xl0 6 /ml, progressive motility >40% and cryosurvival >25% (Clements et al., 1995) The cryopreservative used in this study was the glycerol-egg yolkcitrate buffer (GEYB) used at the donor bank (Mortimer, 1994) . Cryoprotectant can have a toxic affect on semen samples (Critser et al., 1988; McLaughlin et al., 1992) , so the GEYB was added to the sample in progressive dilutions just prior to use in experiments. During each test, a 10 |il volume of semen in cryoprotectant was placed on a 20 mm round coverslip and a 15 mm round coverslip was carefully placed on top using vacuum tweezers The depth of the sample was calculated to be 56 |im. This sandwiched sample was then placed on a specimen holder and carefully transported to the cryostage. 
Cryomicroscope and CASA
A Linkam THMS 600 cryostage (Linkam Scientific Instruments Ltd, Tadworth, Surrey, UK) was used in these experiments (Figure 1) . The specimen was situated on the silver block in the cryostage, whose temperature was regulated by a microprocessor controller (TMS 92). This could be programmed with temperature profiles of up to nine rates, but for the experiments presented here, the programmer was controlled by an external PC computer (Link 1.0 software) This enabled an unlimited number of rates to be set within a profile Liquid nitrogen vapour was drawn directly into the block to provide accurate temperature control and consistent heating across the block. The block could be taken to temperatures in the range 125 to -196°C, but was routinely used between 37 and -110°C When the cryostage chamber was sealed with its lid, the block was surrounded by nitrogen gas, ensuring that temperature conductance throughout the specimen was rapid and even To remove any initial condensation within the chamber, a practice run was performed by programming the controller (TMS 92) to take the temperature of the block to -40°C at 10°C/min and then returning it to 37°C at the same rate. The TMS 92 controlled accurately the range of temperature rates between 100 and 0.01°C/min Sperm motility was recorded during a programmed freeze and thaw profile, using a CCD camera 2688 Motility characteristics VCL, VAP, LIN, VSL, MAD, BCF, STR, ALH, NCF "The threshold values affect the sensitivity of the Tracker to moving objects the positive threshold affects the sensitivity to light objects on a dark background and the negative threshold has the opposite effect 'The search radius limits the area over which detection of the next movement for the sperm head occurs, thus limiting errors due to cross-overs between different sperm tracks. VCL = curvilinear velocity; VAP = average path velocity, LIN = linearity, VSL = straight line velocity; MAD = mean angular head displacement; BCF = beat cross frequency; STR = straightness (Mortimer, 1990) ; ALH = amplitude of lateral head displacement, NCF = number of cells crossing the field of view (Pulnix Ltd, London, UK) attached to the microscope (Labophot-2; Nikon, Kingston, Surrey, UK), upon which the cryostage was mounted. Use of a video-text overlay (VTO) module allowed relevant information (e.g. temperature, sample number) to be simultaneously displayed and recorded for each test (Figure 1 ).
Motility analysis of the spermatozoa during pre-freeze and postthaw was performed by CASA using a Hobson Sperm Tracker (Sense and Vision Systems Ltd, Sheffield, UK), in conjunction with the video recordings. The settings for the motility analysis are listed in Table I . The following motility characteristics were measured (foT definition, see Mortimer, 1990) : curvilinear velocity (VCL), average path velocity (VAP), linearity (LIN), straight line velocity (VSL), mean angular head displacement (MAD), beat cross frequency (BCF) Thawed at opposite rates to freeze, l e 10°C/nun to 5°C, followed by \°CJ nun to 37°C -70 Figure 2 . Schematic representation of profile 1. Region A represents the cooling phase, region B the freezing phase and region C the thawing phase. and straightness (STR) Amplitude of lateral head displacement (ALH) was calculated as the average deviation from me smoothed path based on the difference in linearity between the smoothed path and the sampled path. It is assumed that the actual path approximates to a sine wave, and the average value for the ALH is given per track and not the maximum value. At the beginning of each video tape, a graticule was placed on the stage and recorded. This was used to calibrate the scales on the monitor, video-recorded image and the Hobson Sperm Tracker. Pre-freeze and post-thaw motility analysis was performed on each sample over 1 min of recording. A ratio of the number of cells crossing the field of view (NCF) post-thaw and pre-freeze was calculated for each specimen Motile concentration was not calculated as the sample depth was not fixed during the experiment The upper coverslip floated freely above the top of the sample; thus, as the sample expanded and contracted during the freezing and thawing processes it was not known if the sample depth had altered post-thaw Profiles A simple set of profiles was determined to show that the cryostage could provide useful and reliable data and images for analysis. To determine which part(s) of the freeze/thaw profiles had the greatest effect on sperm motility characteristics, the experimental profiles (2-10, see Table U ) were split into three phases consisting of (A) a cooling (37 to 5°O phase, (B) a freezing phase (5 to -70°O and (C) a thawing phase (-70 to 37°C). These were compared to a standard profile (profile 1, Figure 2) , which was based on the cryopreservation protocol used for freezing semen in the clinic. The thaw rate for sperm samples cryopreserved in straws is undefined (other than warming quickly to ~37°C), so an arbitrary rate of 10°C/min was chosen for profile 1.
Temperature rates for the experimental profiles were changed for one phase at a time (Table II) . For example, to examine the influence of the cooling part of the profile, three experimental rates (10, 50 and 100°C/rrun) were used, while the other two phases (freezing and thawing) were not altered (with respect to profile 1). The order of the profiles tested on consecutive samples was staggered (a rotating Latin square design), to account for any influence that the time between use of the first and last aliquots of a sample had on sperm motility Variability between samples was taken into account by performing each test in triplicate.
Statistical analysis
A ratio of the post-thaw/pre-freeze values for each motility characteristic (e.g mean curvilinear velocity, VCL) was calculated initially. Post-thaw samples with <100 motile cells crossing the field of view were noted (n = 3). One-way analysis of variance (ANOVA) was performed on all data to determine the variability between the 36 samples used and the effect time may have had on the motility characteristics, between the first and last test Paired r-tests, using Bonferroni correction, were performed on the data for motility characteristic for each sample, and for each experimental profile compared to profile 1. Bonferroni correction works by altering the a-value for each individual test so that the overall P value remains at 0 05. Careful observations were made of the temperatures at which each sample apparently froze and thawed on the stage (i.e. the temperature at which the ice-front encapsulated the sample for the former and the temperature at which all ice crystals had disappeared for the latter). The same statistical technique was applied to the data for freezing and thawing temperatures.
All data are quoted as the mean ± one standard error of the mean (SEM), unless otherwise stated. Statistical analysis was performed using SPSS for Windows (Version 6.0, SPSS Inc., 1993)
Results
The pre-freeze and post-thaw sperm function characteristics of the experimental profiles were compared to the standard (profile 1) samples. Table HI indicates the values for these characteristics pre-freeze and post-thaw.
Cooling rates (profiles 2-4)
Increasing the cooling rate resulted in a decrease in the postthaw/pre-freeze ratios of VCL, VAP, LIN, ALH, VSL and STR, but an increase in the BCF and NCF compared to profile 1. However, these changes were not always statistically significant All three increased cooling rates (compared to the standard) resulted in significantly lowered VSL, while only profile 3 (50°C/min) resulted in significant changes in VAP, LIN, STR and NCF too (see Figure 3 and Table IV)-
Freeze rates (profiles 5-7)
None of the motility characteristics were statistically significantly different from those of profile 1, but there was a trend for VCL and VAP to increase. Profiles 6 and 7 produced statistically non-significant increases in VSL, LIN and BCF, but a decrease in NCF VCL = curvilinear velocity; VSL = straight line velocity, VAP = average path velocity, LIN «= linearity, ALH = amplitude of lateral head displacement, MAD = mean angular head displacement; BCF = beat cross frequency, STR = straightness, NCF = number of cells crossing the field of view. Each phase of the cryopreservation profile (Figure 2 ) was systematically changed (Table H) ; for each experiment a complete profile was undertaken and motility was analysed beforehand (pre-freeze) and after the end of the profile (post-thaw)
Thawing rates (profiles 8-10)
Profiles 9 and 10 resulted in significantly increased NCF ratios compared to profile 1. For both these profiles MAD increased, but was not statistically significant For profile 10, VCL, ALH and VSL seemed to decrease, while for profile 9 they increased, but again these changes were not statistically significant.
Freeze/thaw temperatures
The apparent temperature at which samples for profile 6 froze (-35.03 ± 1.58°C) was significantly lower (P < 0.001) than that for profile 1 (-28.49 ± 1.67°C). Profiles 9 (0.1 ± 0.39°C) and 10 (5.6 ± 1.44°C) had significantly higher thaw temperatures than profile 1 (-8.3 ± 0.29°C, P < 0.001).
Comparisons of profile 1 samples
When comparing the results for all samples subjected to profile 1, the NCF ratio for samples tested with different cooling rates was significantly greater than that for samples tested for different freezing rates (44.1 ± 7.37 and 18.7 ± 1.94 respectively, P < 0.008). The apparent freezing points for samples in the group where the freezing rates were altered (-28.6 ± 1.67°C) were significantly different from those in the cooling (-35.2 ± 0.93°C, P < 0.002) or thawing rate (-36.3 ± 0.56°C, P < 0.001) groups. The thaw temperature for cooling rate samples (-9.6 ± 0.19°C) was significantly lower than that for freezing (-7.13 ± 0.5°C, P < 0.001) or thawing rate (-8.32 ± 0.29°C, P < 0.002) groups.
General observations
ANOVA indicated a significant difference between all the samples for certain motility characteristics: VCL (P < 0.01), VAP (P < 0.05), LIN (P < 0.05), ALH (P < 0.01), MAD (P < 0.05) and NCF (P < 0.001), but VSL, BCF and STR were not significantly different between samples. Three of the 36 samples used in the experiment had <100 motile cells crossing the field of view (for CASA) post-thaw: one in the cooling rate group and two from the freezing rate group. Statistical analysis indicated that time had no significant effect 2690 on motility characteristics of the samples, except for VAP (range of time between first and last aliquot from the same sample was 3-6 h). The ANOVA indicated that the ratio of VAP pre-freeze and post-thaw at time 4 (67 ± 2.6 |im/s) was significantly reduced (P < 0.05) compared with that at time 1 (77 ± 2.7 ujn/s).
Discussion
For successful cryopreservation, spermatozoa must withstand the non-physiological effects of cooling, freezing and thawing. The susceptibility of a cell to damage during each of these stages varies according to the particular temperature-rate profile and due to species and donor variation (Watson, 1990; Martin et al., 1991) . Conventional studies involving straw or pellet freezing have examined differences between sperm parameters before and after cryostorage and to some extent during cooling. These studies were not able to investigate spermatozoa directly during the freeze-thaw process. In contrast, the cryomicroscope in conjunction with CASA is potentially a powerful tool to examine spermatozoa throughout the cryopreservation protocol and to measure quantitatively their response in terms of specific motility parameters. The latter have been shown to be correlated with sperm fertilizing capacity (Holt et al., 1989) . Moreover, the response of spermatozoa to changes in one particular phase of cryopreservation can be investigated rapidly. Simple experimental (matrix) conditions enable the large variability associated with human semen samples (Weidel and Prins, 1987; Mortimer, 1994) to be examined systematically. Since an effective cryopreservation method for all semen samples has not been forthcoming, our long-term approach is to customize the protocol to the sample and use the cryomicroscope to test rapidly the efficacy of a set of cryopreservation variables using a matrix design. This present investigation tested the validity of this approach.
By altering, one at a time, the three phases of cryopreservation it was shown that cooling and thawing rates of a given profile had a greater effect on the motility characteristics of human spermatozoa than did the freezing rate. Increasing the Tab\e TV. Results of the post-thaw/pre-freeze ratios of sperm function parameters for experimental profiles that differed significantly (P < 0 05) from those of the standard profile (profile 1) The numbers in the profiles column refer to those listed in Table n Figure 3. Histograms indicating differences between experimental profiles 2-10 [altering, then (A) cooling, (B) freezing and (C) thawing rates] in the post thaw/pre-freeze ratios for the sperm function parameters investigated, compared to their corresponding standard profiles (profile 1). Each bar represents the mean of 12 samples (*P < 0 05). VCL = curvilinear velocity; VAP = average path velocity; VSL = straight line velocity; LIN = linearity; ALH = amplitude of lateral head displacement, MAD = mean angular head displacement; BCF = beat cross frequency; STR = straightness; NCF = number of cells crossing the field of view.
cooling rate above that of profile 1 resulted in decreased VSL. Altering the cooling rate to 50°C/min (profile 3) resulted in significantly decreased VAP, STR and linearity LEN ratios compared to profile 1 (cooling rate l°C/min). Profile 3 also resulted in a significant increase in the NCF, which was equated with better recovery of cells. Thaw rates of 50 and 100 o C/min also resulted in increased NCF ratios compared to the standard profile (profile 1), suggesting that they allowed better recovery of the cells. It was interesting to note that the changes in the motility Overall, the results from these experiments suggest that coldshock effects occurred in the spermatozoa (Holt et al, 1988; Hammerstedt etal.,\ 990) . Recent evidence suggests that human spermatozoa cooled to temperatures approaching freezing undergo capacitation-like membrane changes, which could be the cause of their shorter in-vivo functional survival (Critser et al., 1987) . There is also evidence that the corresponding cooling and thawing rates are linked and have a reciprocal effect on motility, membrane integrity and nutochondrial function (Mazur, 1984; Henry et al., 1993) . Due to the inherent mtradonor differences in the semen characteristics, Davies et al. (1995) have suggested that the characteristics of various sperm subpopulations should also be analysed to predict post-thaw cell recovery. The present study was mainly concerned with the efficacy of the cryostage but in future a more comprehensive analysis could be undertaken using the ability of CASA to discriminate between sperm populations.
The highest thaw rate (100°C/min), compared to the standard profile (10 c C/min), improved cryosurvival of spermatozoa in our system. Furthermore, the time during which recrystalhzation (formation of large water crystals) occurred was reduced when compared with that for slower profiles. These observations are consistent with the suggestion that increased NCF ratios and improved survival at high thaw rates (Henry et al., 1993) may be due to a shortening of the recrystalhzation time, an event that can have considerable impact on cell damage due to the physical and osmotic forces exerted at this stage. A thawing rate of 100°C/ min was the upper lirrut for the controlled rate of change of temperature on the cryostage. Our own unpublished data indicate that thaw rates in straws are similar to the 400°C/min reported by Henry et al. (1993) , but that this rate is not uniform and can be as high as several thousand °C/min on initial removal from liquid nitrogen. If increasing the thaw rate influences post-thaw sperm recovery, then in clinical practice much greater control should be applied to this stage of the cryopreservation protocol (Leffler and Walters, 1996).McLaughline7a/. (1992) concluded that the toxicity of the cryoprotectant influenced sample thawing and that the freeze/thaw profile was important in this respect.
An important feature of a cryostage is that cells can be monitored throughout the freeze cycle (Holt and North, 1994) . Enclosing the chamber with a lid removed condensation effects that are seen with open systems (Schwartz and Diller, 1982; Holt and North, 1994) . It also had the advantage that the effective sample area is that covering the whole silver block rather than a confined area of the sample (Holt and North, 1994) , thus allowing more volume of the sample to be examined. The only record of the actual temperature of the silver cooling block came from the display monitor of the controller. Initial concern with the accuracy of the registered temperatures was allayed by devising a three-point calibration involving the use of decane (melting point -30°C), water (melting point 0°C) and ethylene carbonate (melting point ~37°C). To compensate for any electrical drift in the control circuitry, an internal calibration has been devised by the manufacturers.
CASA provided a rapid method for quantitative analysis of the immediate effectiveness of a freeze/thaw profile. Although the cryoprotectant contained fat droplets and reduced visibility, the instrumentation (Hobson Sperm Tracker) could accurately distinguish spermatozoa from other debns once the correct electronic gates had been set. However, this does not compensate for altered sperm movement due to collisions with particles in the diluent; an inherent problem with CASA (Mortimer, 1994) . If <100 spermatozoa were analysed in 1 min, then the run was repeated. Although the overall proportion of motile spermatozoa was not assessed, the number of spermatozoa crossing the field (NCF) provided an indication of sperm survival.
In conclusion, this study indicates that the cryomicroscope in conjunction with CASA is a valuable tool for rapidly assessing cryopreservation protocols for human spermatozoa and investigating ejaculate and donor variation. Currently, we are investigating the use of fluorescent probes to provide further information on when cells undergo cryodamage and methods to overcome this. It is probably too time consuming and expensive to investigate freeze/thaw profiles for every semen sample, but it is feasible to undertake such analysis as a screening procedure for potential semen donors and for cryopreservation of limited samples (chemotherapy patients). Although with the advent of intracytoplasmic sperm injection the necessity for adequately motile spermatozoa following cryopreservation may not now be paramount, the efficient storage of spermatozoa remains an important objective for assisted conception techniques.
